Bianisotropic metamaterials including V-shaped metallic elements are investigated experimentally and theoretically. A passband is observed for a composite metamaterial (CMM) based on an V-medium below the plasmonic frequency of the corresponding closed CMM. The effective parameters (refractive index, impedances, permittivity, permeability, and magnetoelectric coupling coefficient) are retrieved for the V-medium and the CMM based on it. Our retrieval results show that the passband observed for the CMM is a band with positive refractive indices. Our retrieval results confirm the deductions of our previous reports. #
Introduction
Metamaterials have attracted much attention from the scientific community because of their exotic properties, which usually do not exist in natural materials. For instance, metamaterials with a negative refractive index (NRI) [1] [2] [3] [4] can be used to construct a superlens [5] [6] [7] [8] [9] . More interestingly, metamaterials can even be used to construct an invisible cloak [10, 11] . In order to realize such novel properties, metamaterials usually include two types of elements and, therefore, are called composite metamaterials (CMM). For instance, when constructing a metamaterial with NRI, one can use a periodic thin metallic wire medium in order to obtain negative permittivity [12] , and use split ring resonators (SRRs) in order to obtain negative permeability [13] . Although SRRs are widely used in metamaterials operating in the microwave region, studies show that there can be problems when SRRs are used at optical frequencies [14] . Bianisotropy usually should be avoided during the design of metamaterials. However, it was proposed recently [15] that it is possible to benefit from the bianisotropic properties of an example metamaterial -V medium (omega medium). An omega medium was first introduced by Saadoun and Engheta [16] and was called a pseudochiral medium in 1992. An omega medium is a composite electromagnetic material with V-shaped metallic inclusions that are placed in a host dielectric medium. In the omega medium, there is magnetoelectric coupling due to its intrinsic bianisotropic characteristics. Following the ideas described above [15, 16] , we studied and reported on a series of www.elsevier.com/locate/photonics Available online at www.sciencedirect.com Photonics and Nanostructures -Fundamentals and Applications 10 (2012) 329-336 metamaterials based on V-shaped metallic inclusions experimentally and numerically [17, 18] . The results have clearly shown the differences from the traditional metamaterials made of SRRs. A transmission band was observed for a CMM based on an omega medium, which is below the plasmonic frequency of the closed composite metamaterial (CCMM), in which it has been deduced that this transmission band is not a band of negative refraction, although the effective parameters for the bianisotropic metamaterials were not presented in previous reports.
It has been proposed that metamaterials respond to electromagnetic radiation as continuous materials when the wavelength is much larger than the spacing between the composite components and the size of these respective components. Therefore, it is reasonable to assign values of permittivity e and permeability m for a metamaterial. Several methods [19] [20] [21] [22] have been proposed to retrieve the effective parameters for isotropic metamaterials. Among them, the method based on the scattering parameters (S parameters) of a slab of metamaterial is widely used [23] [24] [25] [26] . Compared with isotropic metamaterials, the retrieval of the effective parameters for a bianisotropic metamaterial is more complex due to the existence of the magnetoelectric coupling effect. However, it is proposed that by using the S parameters of three orthogonal directions [27] , it is possible to retrieve all of the effective parameters for a bianisotropic metamaterial. Very recently, our study revealed that it is also possible to retrieve all of the effective parameters for a bianisotropic metamaterial by using the S parameters of only one direction [28] . In the present paper, we will recount some of the brief conclusions of our retrieval method. Then, we will provide the effective parameters including the magnetoelectric coupling coefficient for the bianisotropic omega medium. Our retrieval results validate what was deduced in our previous reports [17, 18] . structures periodically in three orthogonal directions, an omega medium can be obtained. In the experiments, we arrange V-resonator units periodically with 5, 40, and 30 unit cells in the x-, y-, and z-directions, respectively. The lattice constants are a x = a y = a z = 5 mm. While in the simulations, we use periodic boundary conditions in the y and z directions. We performed the numerical simulations by using a commercial software package (CST STUDIO microwave) that is based on the finite integration technique. In order to investigate the properties of CMM based on omega structures, a periodic arrangement of continuous thin copper wires were adopted to achieve negative permittivity at microwave frequencies. A unit cell of the continuous wire is shown in Fig. 1(d) . The wire is on the opposite side of the PCB. The thickness of the metal is 30 mm. The width of the thin wire is t = 1.44 mm, and the height is h = 5 mm, which is equal to the periodic constant in the y direction. In our experiments, the lattice constants and number of layers of continuous metallic wires are equal to that of the periodic omega media in the x-and z-directions. While in the zdirection, the wires are continuous and the total length of the wires is 150 mm.
Experimental and numerical results
It was proposed [29] that by using closed (or shorted) resonators combined with periodic metallic wires one can obtain the rectified plasmonic frequency. If a transmission band of the corresponding CMM is below the rectified plasmonic frequency, this transmission band can be thought of as a band of negative refraction. Accordingly, the closed V structure shown in Fig. 1 (e) is adopted in our study as a reference. During the experiments, transmission measurements were performed in free space by using an HP 8510-C network analyzer. Microwave horn antennas were used as transmitters and receivers, in which the transmission through the samples was measured. Fig. 2 (a) and (b) shows the results of the experiment and simulation, respectively. Our simulation results are in good agreement with that of the experiment. From  Fig. 2 , it can be clearly seen that there is a transmission band for the CMM medium, which is below the plasmonic frequency of the corresponding CCMM medium. According to Aydin et al. [29] , this transmission band is much likely a band of negative refraction. However, unlike the situations in composite metamaterials based on SRRs, this transmission band of CMM does not coincide with the transmission gap of the corresponding omega medium. Instead, this transmission band shifts to the lower frequency end. The above phenomenon is quite similar to the transmission behavior of a p-structure [30] , which is also deduced to not be a left-handed transmission. Therefore, the transmission band of the CMM based on the omega structure is considered to be right-handed in our previously conducted reports [17, 18] . In the next section, we will retrieve the effective parameters for omega-based metamaterials and see whether our previous conclusion was correct or not.
Retrieval results
For the omega medium shown in Fig. 1(a) , by assuming that the medium is reciprocal [31, 32] angular frequency, we can write the constitutive relationships as follows: 
where e 0 and m 0 are the permittivity and permeability of the vacuum, respectively, in which c is the speed of light in vacuum. The seven unknowns, e x , e y , e z , m x , m y , m z , and j 0 are quantities without a dimension. When a plane wave that is polarized in the z direction is incident in the x direction, three parameters (e z , m y , and j 0 ) will be active, while the other four parameters (e x , e y , m x , and m z ) will not be involved in the bianisotropic process and, therefore, are out of the scope of the present study. According to the formulae in Ref. [31] , one can easily obtain the expressions for the effective constitutive parameters based on e z , m y , and j 0 . However, there is one main thing that one should note. Compared to an isotropic material, the most interesting and important feature of a bianisotropic material is that the characteristic impedances have different values for the waves propagating in the two opposite directions of the x axis. For an electromagnetic (EM) wave traveling in the AEx direction, the impedances will be
respectively. Where n is the effective refractive index, which has the same value for the EM wave traveling in two opposite directions of the x axis:
Our recent study [28] has found a simpler method to retrieve the effective parameters for a bianisotropic metamaterial compared to the method proposed in Ref. [27] . According to our study, in order to retrieve the effective parameters of a bianisotropic medium, one only needs to know the S parameters in the two directions (say AEx directions for the present case) with the incident waves polarized in the z direction. Consequently, one obtains the analytical expression for the refractive index n, which is Fig. 3 . The intensity spectra of transmission, reflection, and absorption for the omega (a) and the CMM (b) media. R1 and R2 (A1 and A2, T1 and T2) are the reflection (absorption, transmission) spectra when the waves are incident in the +x and Àx directions, respectively.
where k 0 is the wave number of the EM wave in vacuum, and l is the thickness of the bianisotropic medium. When solving n from Eq. (5), one must determine one branch from many branches of solutions. Fortunately, there have been several reports [22, 26] dealing with this problem. Therefore, we will not detail it here. For a passive medium, the solved n must follow the following condition:
where (Á) 00 denotes the imaginary part operator. After n is solved, other constitutive parameters can be obtained by the following relations:
After obtaining the above three parameters (e z , m y , and j 0 ), the impedances (z + and z À ) can be solved from Eq. (3). Again, for a passive medium, the following conditions should be satisfied,
where (Á) 0 denotes the real part operator. So far, all of the constitutive parameters that are related to bianisotropy were retrieved. In the following subsections, we will provide the retrieval result for the omega medium as well as the CMM based on it. In the retrieval procedure, we employed a single layer of omega medium (or CMM) along the x-axis. Hence, the simulation setup coincides with a slab of omega medium (or CMM) that consists of single period layer. The effective parameters were then derived from the transmission and reflection coefficients of this single layer of omega medium (or CMM).
S parameters and absorption spectra of the omega and the CMM media
Using the structural dimensions for the omega and the CMM media that was presented in the previous sections, we calculated the S parameters of one period of the two media for the two opposite directions along the x-axis, and the intensity spectra are shown in Fig. 3 . In Fig. 3 , we also show the absorption spectra of the two media. It is seen that the reflection and absorption spectra are different when the EM waves are incident in the +x and Àx directions. This phenomenon happens due to the lossy substrate and the bianisotropy of the two media, as can be well explained in Eqs. (5)- (8) of the Ref. [28] .
Moreover, it is also seen from Fig. 3(a) that the peaks of the absorption spectra of the omega medium are shifted to higher frequencies compared to that of the reflection spectra. This deference of the peak frequencies between the scattering and absorption spectra has been found for varied scattering particles [33] . This phenomenon will be further studied in our future works. Fig. 4 shows the retrieval results for the omega medium based on the calculated S parameters. Fig. 4(a) and (b) illustrates the results of the effective refractive index n and impedances z + and z À , respectively. In a wide frequency range, z + and z À definitely have different values. Fig. 4(c) and (d) shows the retrieval results of permittivity and permeability, respectively. The omega medium shows strong features of electric resonance rather than magnetic resonance, which is quite different from the results of SRR media [22] . Moreover, one did not see any frequency range with negative permeability. Fig. 4 (e) shows the retrieval result for the magnetoelectric coupling coefficient. It can be seen clearly that near the resonant frequency, there obviously exists a strong magnetoelectric coupling in the omega medium. The existence of the strong magnetoelectric coupling results in the different impedances of z + and z À as shown in Fig. 4(b) .
Retrieval results of the omega medium

Retrieval results of the CMM medium
Fig . 5 shows the retrieval results for the CMM medium, which is a combination of the omega structures and infinite wire structures. Fig. 5(a) shows the retrieved effective refractive index n for the CMM medium. One sees that there is a frequency range (9.2-10.1 GHz) with positive n 0 but very small n 00 , which exactly corresponds to the transmission band of the CMM shown in Fig. 2 . Fig. 5(b) shows the results for the impedances z + and z À , in which again the two impedances have different values. Fig. 5(c) shows the results of the permittivity. By comparing the data shown in Fig. 4(c) , one sees that even though the CMM medium includes periodic thin wire structures that provide negative permittivity, there still exists a frequency range (9.2-10.1 GHz) with positive permittivity. This frequency range also corresponds to the transmission band of the CMM medium as shown in Fig. 2 . Fig. 5(d) and (e) illustrates the retrieved results for the permeability and magnetoelectric coupling coefficient, respectively. These two sets of data are quite similar to that of the omega medium as shown in Fig. 4(d) and (e), which means that the addition of the thin wire structure into the omega medium only has little influence on the two parameters of m y and j 0 .
According to the retrieval results for the omega and CMM media, it is concluded that the transmission band of the CMM medium below the plasmonic frequency of CCMM is a band with positive refractive indices. Our retrieval results confirm what we deduced in our previous reports [17, 18] . Furthermore, our investigations on the omega medium illustrate that for a bianisotropic metamaterial it is insufficient to decide whether a transmission band of a CMM is of a positive or negative refractive index by comparing it to the transmission spectrum of a corresponding CCMM. Although we did not obtain a metamaterial with NRI based on an omega medium here, our retrieval method and procedure revealed the underlying physics of the omega medium and its corresponding CMM medium.
By using the retrieval procedure as a tool, it will be easier to tailor the properties of omega-related media and bianisotropic metamaterials in future studies.
Conclusions
In the present paper, we retrieved the effective parameters for an omega medium and its corresponding CMM. Since omega-related media are intrinsically bianisotropic, we retrieved not only the parameters of permittivity and permeability but also the magnetoelectric coupling coefficient that measures the intensity of the bianisotropy. Furthermore, we also obtained the effective parameters of the refractive index and impedances. Based on our retrieval results, it was found that the transmission band of the CMM below the plasmonic frequency of its corresponding CCMM is a band with positive refractive indices. The retrieval results confirm what was deduced in our previous reports.
